Material
A superficial second-degree epidermal burn results in an initial cellular injury that is amplified by an acute inflammatory response that includes edema and an influx of neutrophils (1, 2) . This inflammatory response is dependent on a natural IgM to uncovered epitopes and complement activation, which are also components in the process of ischemia-reperfusion (IR) injury of the mouse hind limb skeletal muscle (3) (4) (5) (6) . In IR injury of mouse hind limb skeletal muscle, we observed that myocyte injury occurred with reperfusion and was accompanied by progressive degranulation of mast cells (MCs) (7) . The myocyte injury was known to be diminished in MC-deficient WBB6F1-Kit W /Kit Wv (WWv) mice (8, 9) , and we observed significant protection in mice with targeted disruption of the elastase mouse MC protease (mMCP)-5 (7) . There was no protection against hind limb IR injury in strains lacking the MC-specific tryptase mMCP-7 or heparin proteoglycan or other proinflammatory functions such as generation of TNF-a, expression of transmembrane tryptase (Prss31), and generation of the eicosanoids, prostaglandin D 2 or the leukotriene C 4 (7) .
MCs are highly specialized innate immune effector cells that contain secretory granules in which large amounts of proteases are stored in complexes with serglycin proteoglycans (reviewed in Refs. 10, 11) . These proteases represent at least three classes of protease activities in mice (12) (13) (14) and in humans (15) (16) (17) , chymotrypsin-like (chymases), trypsin-like (tryptases), and a carboxypeptidase A (CPA3). Rat and mouse skin MCs also contain a unique protease, rMCP-5 and mMCP-5, respectively, which is highly homologous to the chymases and encoded by a gene in the chymase locus on mouse chromosome 14 (18, 19) . However, unlike the mouse MC chymases, such as mMCP-1 in mucosal MCs and mMCP-4 in skin and connective tissue MCs, rat and mouse MCP-5 have an elastase-like specificity due to the presence of a valine instead of a glycine at position 216 (20) (21) (22) . Studies with transgenic mice that lack MC-restricted serine proteases have revealed that some of these enzymes have prominent roles in innate immunity and inflammation. For example, mMCP-1-deficient mice have diminished ability to reject adult Trichinella spiralis nematodes from the small intestine (23) , and mMCP-6-deficient mice have a reduced capacity to clear peritoneal infection by Klebsiella pneumoniae (24) and to recruit eosinophils to the site of T. spiralis larval encystment (25) . These mMCP-6-deficient mice are also protected in models of inflammatory arthritis mediated by immune complexes (26, 27) . CPA3 mutants with a functionally defective enzyme are unable to inactivate endothelin-1 or the homologous peptide from snake venom, sarafotoxin 6b (28) .
Using a mouse model of an epidermal scald that results in a second-degree burn and that depends on natural IgM and serum complement (6), we found that the evolution of the wound from erythema to ulceration to scarring with loss of hair regrowth was prevented in the MC-deficient WWv strain. Significant protection against the progression of burn injury in skin after a scald was observed in mice with targeted disruption of mMCP-4 (chymase) or mMCP-5 (elastase), but not in mice lacking mMCP-6 and -7 (tryptases) or an enzymatically inactive form of CPA3. We then found that application of human MC chymase to the scald site of the mMCP-4-deficient strain and of recombinant mMCP-5 (rmMCP-5) or human neutrophil elastase, but not human chymase, to the scald site of the mMCP-5-deficient strain increased epithelial disruption and restored full burn injury with ulceration and scarring. Furthermore, MC degranulation to release the endogenous proteases occurred in the initial 2 h postscald burn. These findings extend the trauma-related functions of natural IgM, complement, and MCs to second-degree burns with progression to tissue remodeling; a result that may have implications for therapy in thermal injury and for other models of trauma-initiated inflammation-driven tissue pathology.
Materials and Methods

Animals
C57BL/6 mice were obtained from Taconic Laboratories (Germantown, NY) or The Jackson Laboratory (Bar Harbor, ME). MC-sufficient WBB6F1/JKit +/+ and MC-deficient WBB6F1/J-Kit W /Kit Wv /J mice were obtained from The Jackson Laboratory. The mice deficient in mMCP-4 (N7), mMCP-5 (N10), and both mMCP-6 and mMCP-7 (N8) and those with an inactivating mutation of CPA3 (Mc-cpa Y356A,E378A or Cpa3 tmHrr , N4) were on a C57BL/ 6 mouse genetic background, whereas the mice deficient in mMCP-1 were on a BALB/c background (7, 23, 24, (28) (29) (30) . These protease-deficient strains were maintained in specific pathogen-free colonies at the Dana Farber Institute (Boston, MA) or in a barrier facility at Taconic Laboratories. Institutional animal care and use committee approval was obtained for all animal experiments, and the studies were conducted in accordance with the National Institutes of Health and Public Health Service guidelines for animal care.
Reagents
Human neutrophil elastase and human MC chymase were obtained from EMD Biosciences (La Jolla, CA) and Enzo Life Sciences International (Plymouth Meeting, PA). The chymase substrate S-2586 (MeO-Suc-ArgPro-Tyr-pNA) and the tryptase substrate S-2288 (H-D-Ile-Pro-Arg-pNA) were obtained from Chromogenix (Milano, Italy). The elastase substrate Suc-Ala-Ala-Pro-Val-pNA (S-AAPV) and the CPA3 substrate M-2245 (N-[4-methoxyphenylazoformyl]-Phe-OH) were obtained from Bachem (Torrance, CA). Mouse Ig, human lung tryptase, and bovine pancreatic CPA were obtained from Sigma-Aldrich (St. Louis, MO). Mouse anti-TNP IgE (C38-2), FITC-conjugated rat anti-mouse IgE (R35-72), and rat anti-mouse CD16/CD32 (2.4G2) were obtained from BD Biosciences (San Jose, CA). Allophycocyanin-Cy7 conjugated rat anti-mouse Kit (2B8) was obtained from eBioscience (San Diego, CA). Rabbit anti-peptide IgG for each protease was prepared as previously described (31, 32) .
Recombinant mMCP-5 protein was prepared as described previously (20) . Briefly, the cDNAs encoding mMCP-5 were obtained from total RNA extracted from the hearts of male C57BL/6 mice (Charles River Labs, Yokohama, Japan) by RT-PCR. After confirmation of the sequences, the cDNA fragments were cloned by transfer vector pFASTbac1 (Invitrogen, Carlsbad, CA), and recombinant baculovirus were generated by the Bacto-Bac system (Invitrogen). For expression of the recombinant protein, Tn5 cells were grown in an Erlenmeyer flask (500 ml) to a density of 10 6 cells/ml in Ex-Cell 405 medium (200 ml/flask; Sigma-Aldrich) supplemented with 50 IU/ml penicillin and 50 mg/ml streptomycin in a rotary shaker (75 rounds/min) and were infected with the recombinant baculovirus at a multiplicity of infection of 1.0. After culture for 3 d at 28˚C, the culture medium was centrifuged, and the supernatant was collected as a recombinant protein source. The recombinant promMCP-5 was purified by a column of heparin-cellurofine gel (Seikagaku-kougyo, Tokyo, Japan) and a column of phenyl-Sepharose CL-4B (Amersham Biosciences, Tokyo, Japan). The promMCP-5 was activated by treatment with bovine cathepsin C (Sigma-Aldrich) at room temperature for 7 d, purified on a column of heparin-cellurofine gel, and dialyzed with excess amount of pyrogen-free PBS for more than 24 h at 4˚C. This preparation was used as the source of the purified rmMCP-5 after determination of protein concentration.
Epidermal scald procedure
The epidermal scald procedure was performed as previously described (6) . Interscapular hair was removed from 10-wk-old male mice, and the next day, the mice were anesthetized with an i.p. injection of ketamine (10 mg/ kg) and xylazine (20 mg/kg). After full sedation, a burn template, created from a high-impact nonheat-conducting plastic container, was used to produce a square-shaped 1-cm 2 wound on the interscapular dorsum area (∼2.5% of the body surface area). With the template held in position, the shaved skin was scalded in a circulating water bath. After an initial temperature titration, all further experimentation was done at 54˚C. The duration of scalding was 25 s when no dressing was applied to the burn, and 35 s when a dressing was applied immediately after the scald to allow for topical application of a protease. Increasing the duration of the scald was necessary to obtain burn injury because the application of the dressing apparently had a cooling or protective effect. All mice were treated for pain twice daily with s.c./i.m. injections of buprenorphine (0.05 mg/kg) for the first day postburn. The wound area was demarcated by denuded and erythematous skin by day 3.
For topical application of the proteases, they were diluted in HBSS, and 100 ml of the resulting solution was injected into a dressing that was created over the scalded area. The dressing consisted of a 1-cm 2 piece of gauze, wrapped inside a Duoderm frame and covered by a Tegaderm dressing (Fisher Scientific, Pittsburgh, PA). The wet dressing was applied immediately postscald and stayed on the burned area for 1 h unless otherwise indicated.
Histology and quantitative assessment of injury
Skin was harvested from the prepared dorsal sites before the burn and at 2 h, 3 d, and 12 or 13 d postburn. The tissue was fixed in 4% paraformaldehyde in PBS for 18 h, changed to PBS, and kept at 4˚C. Sections were stained by Masson's trichrome or Jones' stain (methenamine silver-periodic acidSchiff stain) or for chloroacetate esterase (CAE) reactivity, which involves a hematoxylin counterstain as previously described (7) .
At 2 h postburn, CAE was employed to highlight MCs and neutrophil infiltration. MCs were examined under high power and quantified in unit areas (1 U area = 1.2 3 0.9 mm = 1.08 mm 2 ). Nine unit areas of the burn wound on each mouse were evaluated for total MC numbers and used to calculate the mean value (per 9 U areas) for each individual animal. An MC was determined to be degranulating when three or more granules could be found outside of the cell when it was examined under high power (7). Jones' staining was performed to demonstrate edema, which is indicated by decreased intensity of the stain relative to unburned mice. Injured epithelial cells and hair follicles were identified by the cytoplasmic vacuolization observed after CAE At d 3 postburn, Masson's trichrome stain was used to differentiate denatured collagen (red staining) from viable collagen (blue staining) in the dermis of the burn wound. Digital photographs of the burn wound were taken at 310 magnification (low-power field), and the degree of burn injury was evaluated by Image J software (National Institutes of Health, Bethesda, MD) based on the staining. The area of the burn was determined by measuring the area of denatured collagen (expressed in squaremicrometers) . To measure the depth of the burn and degree of edema, the thickness of the injured dermis (indicated by the denatured collagen), the thickness of the viable collagen in the dermis beneath the wound, and the thickness of the hypodermis were measured at three different locations, at the middle, left edge, and right edge of the burn. Values are the average of the three measurements and are expressed in micrometers. Injured hair follicles seen on photographs presented in this article were identified by disruption of the normal morphology including epithelial tight junctions, presence of necrotic cells, and loss of connection with the skin surface. Values were expressed as the average number of injured hair follicles per 4 high-power fields (HPF; 340 magnification). Neutrophils in the same burn wound were quantitated by CAE reactivity and expressed as the total number per 4 HPF.
At day 12 postburn, Masson's trichrome or Jones' stain was used to demonstrate granulation tissue formation and a decrement of normal collagen in the burn wound. With Masson's trichrome stain, the thickened epidermis was purple, and the granulation tissue in dermis was white in contrast with the surrounding dark-blue-stained collagen in normal dermis. With Jones' stain, the epidermis and granulation tissue were pink, and collagen in dermis was black. CAE reactivity was used to show MCs and neutrophils.
Characterization of mMCP-4-and mMCP-5-deficient strains for dermal MC numbers and proteases
The baseline levels of MCs in the interscapular skin, dermis, and hypodermis together were 134 6 12.8 in wild-type (WT) mice, 97.7 6 4.9 in mMCP-4-deficient mice, and 72.2 6 14.3 in mMCP-5-deficient mice per 9 U areas (mean 6 SE; n = 11, 6, and 5, respectively). The distributions of MCs were similar in all strains with the dermis containing 58.3% in WT mice, 48.4% in mMCP-4-deficient mice, and 47.4% in mMCP-5-deficient mice, and the hypodermis containing 41.7% in WT mice, 51.6% in mMCP-4-deficient mice, and 52.6% in mMCP-5-deficient mice.
To evaluate protease levels in these strains, lysates were prepared from purified peritoneal MCs obtained from C57BL/6 mice and from the various protease-deficient mice. Mixed peritoneal cells were obtained by lavage with modified Tyrode's buffer (0.02% KCl, 0.1% NaHCO 3 , 0.005% NaH 2 PO 4 , 0.8% NaCl, 0.1% D-glucose, and 0.1% gelatin) (21) , and the Kit + /FcεRI + MCs were isolated by flow cytometry. Briefly, FcgRs were blocked with anti-CD16/CD32 Abs (10 mg/ml) and mouse Ig (100 mg/ml) for 10 min before staining. The peritoneal lavage cells were incubated with IgE in HBSS/FBS (2% FBS) for 1 h, washed twice, and stained with FITC-anti-IgE and allophycocyanin-Cy7-anti-Kit by incubation for 1 h more. Cells were washed twice with HBSS/FBS and isolated by FACS (MoFlo; DakoCytomation, Fort Collins, CO) at the Dana Farber Cancer Institute flow cytometry facility. Cells were kept on ice throughout the procedure. Lysates of sorted cells were prepared by sonication, and debris was removed by centrifugation. Sonicates were adjusted to represent equal numbers of cells per milliliter.
Reactions to determine enzymatic activities were carried out in 96-well plates. Samples of cell lysates or the reference proteases were incubated with chromogenic substrates in a final volume of 200 ml reaction buffer (100 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, and 0.1% BSA, pH 8.5) at 37˚C for 24 h. Chymase activity was measured with substrate S-2586 at 0.5 mM, elastase with S-AAPV at 1 mM, tryptase with S-2288 at 0.5 mM, and CPA3 with M-2245 at 1 mM (20, 21, (33) (34) (35) . Enzymatic activities were assessed by measuring the OD at 405 nm after a 24-h incubation and were expressed as the amount of protease based on standard curves prepared with purified human neutrophil elastase, human MC chymase, human MC tryptase, or bovine CPA, each in the presence of 50 mg/ml heparin.
The dermal MCs in C57BL/6 (WT) mice express the chymase mMCP-4, the elastase mMCP-5, the MC-specific carboxypeptidase CPA3, and the tryptase mMCP-6 but lack the tryptase mMCP-7 due to a mutation at the exon 2/intron 2 splice site (36, 37) . The targeted deletion of CPA3 alters the expression of other proteases (38) , whereas the CPA3 activity-deficient (CPA3 act 2/2 ) strain with nonfunctional CPA3 is similar to WT mice in the expression of the other proteases (28) . As the integrity of the other proteases has not been fully assessed in mMCP-4-, mMCP-5-, and mMCP-6/ 7-targeted strains, we compared the level of chymase (mMCP-4), elastase (mMCP-5), tryptase (mMCP-6), and CPA3 enzymatic activities in purified peritoneal MCs from these strains with those in the MCs from WT mice. The peritoneal MCs isolated from mMCP-4-deficient mice had no detectable chymase activity, normal levels of elastase and CPA3 activities, and enhanced tryptase activity (387% of WT level) (Supplemental Fig.  1A-D) . Peritoneal MCs isolated from mMCP-5-deficient mice had no elastase activity, markedly reduced chymase (10% of WT level) and CPA3 activities (,3% of WT level), but enhanced tryptase activity (421% of WT level). Peritoneal MCs isolated from mMCP-6/7-deficient mice had markedly reduced tryptase activity (14% of WT level) and normal levels of elastase, chymase, and CPA3. The residual tryptic activity is presumably due to the presence of transmembrane tryptase/tryptase g/Prss31 in these cells. The reduced expression of mMCP-4 in mMCP-5-deficient mice was confirmed by immunoblot analysis using peritoneal MC lysates (Supplemental Fig. 1E) 
Statistical analysis
Student t test for unpaired samples was used for direct comparisons of means of observations made in various animals. A p value ,0.05 was considered significant.
Results
Epidermal scald injury is MC-dependent at 54˚C
In an initial clinical screen to evaluate whether we could identify an intensity of scald burn injury that required mature cutaneous MCs for development of an ulcer and subsequent remodeling, we compared the injury generated in MC-sufficient WBB6F1/J mice versus that in MC-deficient WWv littermates by exposing a 1-cm 2 area of dorsal epidermis to water heated to 54˚C, 56˚C, or 58˚C for 25 s. The WWv strain of mice have ,1% of the normal number of skin MCs (39) . All of the MC-sufficient mice exhibited burn injury by day 3 postscald with erythema and ulceration at each temperature (Fig. 1) . Over the next 10 d, the ulcerated skin healed with scarring and loss of hair regrowth. In contrast, after a 54˚C scald, the MC-deficient WWv mice showed little or no erythema and no ulceration on day 3 with full reappearance of hair on day 13. However, after a scald burn at 56˚C or 58˚C, the ulceration at day 3 and scarring without hair regrowth at day l3 in the MC-deficient mice was similar to that observed in the MC-sufficient controls indicating a MC-independent injury process at these higher temperatures.
Histological characterization of the scald burn
We characterized the histologic changes of a 54˚C scald burn compared with the histologic condition of unburned sites in C57BL/6 (WT) mice 2 h, 3 d, and 12 d postscald. At 2 h postburn, the epidermis showed cytoplasmic vacuolization and disruption of the tight junctions between the basal cells of the epithelium (Fig. 2A , black arrow). The involved hair follicles showed mild hydropic swelling and disruption of the epithelium of the follicles ( Fig. 2A,  red arrow) . Many of the MCs in the dermis (Fig. 2B, arrows) and hypodermis (Fig. 2C , black arrows) were degranulating after the burn (48.6 6 14.3% and 61.1 6 14.9%, respectively, mean 6 SE; n = 5 from three separate experiments). In the hypodermis, there was vasodilatation, vascular stasis, vascular thrombosis, marginated neutrophils within the blood vessels (red arrow), and an influx of neutrophils into the tissue at 2 h postburn (Fig. 2C) . In both the FIGURE 1. MC-deficient mice are protected against epidermal scald injury at 54˚C. The clinical response to an epidermal scald of 25-s duration in MC-sufficient WBB6F1 (WT) mice and MC-deficient WWv mice was compared at three different temperatures at 3 and 13 d after injury. Photographs show the two mice in each group. Hair regrowth at the scald site of the 54˚C-treated WWv mice is not seen due to its lack of pigment. The black marks were replaced each day to define the residual injury and do not represent the area of the original scald site. Protection against a visible burn in MC-deficient mice exposed to a 54˚C scald for 25 s was confirmed in two further experiments with sufficient and deficient strains with five mice per group. dermis and hypodermis, there was edema. This is apparent in the dermis by the separation of collagen fibers with lighter coloration of the dark-stained collagen and in the hypodermis by expansion of the tissue (Fig. 2D, arrow) .
At 3 d postburn, coagulative necrosis at the burn site affected the entire thickness of the epidermis and about half the depth of the dermis (Fig. 3B) . The epidermis was denuded, leaving an ulceration demarcated by denatured collagen (Fig. 3B , stained red; black arrow). Hair follicles in the dermis were destroyed (Fig. 3B, yellow  arrow) . The red-staining denatured collagen in the dermis was surrounded by a rim of capillary stasis and neutrophil infiltration. The inflammation in the hypodermis was sustained with vasodilatation and scattered neutrophil infiltration.
By 12 d postburn, the morphological changes included a thickened epithelium covering the wound (Fig. 3C, black arrow) , no hair follicle regrowth in the dermis with damaged hair follicles at the edge of the scar (Fig. 3C, yellow arrow) and areas of granulation tissue (Fig. 3C [star], 3D) . The granulation tissue contained numerous fibroblasts, MCs, and neutrophils (Fig. 3D) . We evaluated changes in the area of the exposed skin over this time period in other studies by marking the initial burn site corners with a permanent tattoo and noted no contracture of the wound area (data not shown).
Mice deficient in mMCP-4 and mMCP-5 are protected from epidermal scald injury
In contrast with the clinical presentation of a scald burn with erythema and ulceration in WT C57BL/6 mice, mice lacking the chymase mMCP-4 or the elastase mMCP-5 showed little erythema and no ulceration at 3 d postscald burn (Fig. 4A) . Mice lacking the tryptases, mMCP-6/7, or the carboxypeptidase CPA3 activity responded to the scald burn like the WT mice with erythema and ulceration. By histology, the scald burn site in mMCP-4 2/2 or mMCP-5 2/2 mice in this experiment showed little of the disruption of the epithelium, denaturation of collagen, loss of hair follicles, and edema of the dermis seen in WT as well as in mMCP-6/ 7-or CPA3 act -deficient mice (Fig. 4B) . The mean histologically determined burn area in 20 WT mice pooled from three separate experiments was used to establish the normal range of injury (154.2 6 23.3 3 10 3 mm 2 ), and this was compared with the injury observed in the various protease-deficient strains from one experiment each. The results revealed significant protection in mice lacking mMCP-4 or mMCP-5 (mean area 6 SE, 3.1 6 2.2 3 10 3 and 15.6 6 11.1 3 10 3 mm 2 with p , 0.001 for both; n = 4 for both strains), whereas there was injury similar to WT mice in the mice lacking mMCP-6/7 or CPA3 act (90.9 6 44.0 3 10 3 and 109.9 6 34.9 3 10 3 mm 2 ; n = 6 and 5, respectively) (Fig. 4C) . The aggregate studies at day 3 did show some clinical injury, erythema with ulceration, in 3 of 9 mMCP-4-deficient and 5 of 17 mMCP-5-deficient mice from 3 independent experiments, whereas the injury was similar to that of WT mice in 9 of 12 mMCP-6/7 2/2 mice (2 experiments) and 4 of 5 mice with the inactivating mutation in CPA3 (1 experiment). Furthermore, 2 of 2 mice lacking the mucosal MC chymase mMCP-1, which is not expressed in skin MCs, also exhibited full burn injury with ulceration and scarring (data not shown).
The protection against a scald burn in the mMCP-4-and mMCP-5-deficient strains prompted a further histological assessment for epidermal injury at 2 h under a higher-power view. Whereas there were rare to no vacuoles in the shaved unburned epidermal skin, there was extensive vacuolization of the epidermal cells and disruption of the tight junctions at the scald site 2 h postburn in WT mice. In the scald site of the mMCP-4 2/2 and mMCP-5
strains, the vacuoles were few and the disruption of the tight junctions was much less than in the WT mice (Fig. 4D ). In the mMCP-4 2/2 mice, the percentage of MCs undergoing degranulation at 2 h postburn was 24.8 6 8.0% and 34.2 6 6.4% in the dermis and hypodermis, respectively (mean 6 SE, n = 4 mice), which is about half of that observed in WT mice, although the differences are not significant given the limited sample size of four to five mice.
Degranulation also was present in the scalded mMCP-5-deficient mice, but the weak staining of granules due to the low level of the associated proteases prevented reliable quantitation of intact cells and released granules. Thus, these studies implicated the connective tissue type MC and its secretory granule chymase, mMCP-4, and elastase, mMCP-5, but not its tryptases or MC-specific CPA3 in the early events leading to the ulceration and further suggested that these two proteases could play a role in the early epidermal changes.
Topical application of rmMCP-5 or human elastase to the burn site of mMCP-5 2/2 mice and of human MC chymase to the burn site of mMCP-4 2/2 mice reconstitutes scald burn injury
To support the findings that two different secretory granule proteases of mouse skin MCs were essential to the ulceration and scarring in our scald burn model, we sought to reconstitute injury by topical application of human chymase to mMCP-4 2/2 mice and of rmMCP-5 or human neutrophil elastase (elastase) to mMCP-5 2/2 mice. Each protease was applied to the scald burn site immediately after the burn, and the dressing was left in place for a period of 1 h. Control mice received a dressing with an equal volume of HBSS. This route of administration seemed reasonable not only because of the known loss of the skin permeability barrier function caused by a scald burn (6) but also because of our histologic finding of minimal but distinct disruption of the epidermis in the protected protease-deficient mice (Fig. 4D) . The mMCP-4 2/2 mice received a total dose of 10 mg human chymase, and the mMCP-5 2/2 mice received either a total dose of 1 mg rmMCP-5 or 10 mg human elastase. At day 3 postburn, the scald site in the mMCP-4-and mMCP-5-deficient strains treated with HBSS was without ulceration or significant edema, whereas the chymase-treated site in the mMCP-4 2/2 mice and the rmMCP-5-or elastase-treated sites in the mMCP-5 2/2 mice showed significant injury on histologic analysis with coagulation necrosis of the epidermis, loss of hair follicles, and denaturation of collagen and edema in the dermis (Fig. 5) .
To quantify the changes at day 3 elicited by application of the missing protease activity to the burn site, we compared the mean burn area, neutrophil influx in the hypodermis, number of injured hair follicles, and thickness of the skin in these various groups. To establish the range of injury in the HBSS-treated WT mice for comparison with the various protease-deficient strains treated with various reagents, we evaluated these values in 16 WT mice from 3 independent experiments with the reconstitution protocol. The mean burn area of HBSS-treated WT mice was 133.8 6 26.4 3 10 3 mm 2 ( Fig. 6A) , similar to that observed in the nontreated WT mice (Fig. 4C) . In contrast, the mean burn area of the HBSS-treated mMCP-4-and mMCP-5-deficient strains was significantly less (0 6 0 and 4.7 6 1.4 3 10 3 mm 2 , respectively, mean 6 SE; n = 4 from 1 experiment and n = 7 from 2 experiments; p , 0.001 for 2 ) or human elastase (121.6 6 32.0 3 10 3 mm 2 ) was significantly greater than that of their respective proteasedeficient, HBSS-treated controls (p , 0.001, p , 0.05, and p , 0.05; n = 5, 5, 4, respectively; 1 experiment each) and similar to that of the WT mice (Fig. 6A) . The mMCP-5 2/2 mice treated with chymase showed no significant increment in burn area (27.2 6 22.5 3 10 3 mm 2 ; n = 5; 1 experiment) relative to the HBSS-treated mMCP-5-deficient mice.
The number of injured hair follicles in mMCP-4 2/2 and mMCP-5 2/2 mice treated with HBSS was negligible and significantly less than that in WT mice treated with HBSS (p , 0.001 for both). The mMCP-4 2/2 mice treated with chymase or the mMCP-5 2/2 mice treated with human elastase had a significant increase in injured hair follicles compared with that in the same strain treated with HBSS (p , 0.001 and p , 0.01, respectively), whereas the response to rmMCP-5 did not reach significance (p = 0.08) (Fig. 6B) . The mMCP-5 2/2 mice treated with chymase showed few injured follicles, similar to their HBSS-treated controls. By comparison with burned WT mice, the neutrophil influx into the hypodermis was significantly decreased in mMCP-4 2/2 and mMCP-5 2/2 mice (p , 0.001 for both). With topical application of chymase, the scald burn in mMCP-4 2/2 mice showed a significant increase in neutrophil influx into the hypodermis, whereas the increase in neutrophils in the burn of mMCP-5 2/2 mice treated with either rmMCP-5 or elastase did not reach significance (Fig. 6C) . The thickness of the dermis and hypodermis (used as a marker of edema) was significantly less in the mMCP-4 2/2 and mMCP-5
mice given saline (p , 0.001 for both) compared with that in WT mice, and this was significantly increased by topical treatment of the appropriate deficient mice with chymase or elastase, respectively (Fig. 6D) . A significant change in thickness was not observed in mMCP-5 2/2 mice given rmMCP-5 or chymase. Thus, the reconstitution of protease-deficient mice with the respective activity of the missing enzyme restored much of the histologic burn injury at 3 d. To see if topical protease reconstitution had an effect at 2 h postburn, we compared the histology of the scald site in the deficient strains treated with enzyme or buffer. The minimal but definite disruption of the epidermal basal layer at the burn site in the mMCP-4-and mMCP-5-deficient mice was increased with topical protease treatment (Fig. 7A, arrows) , resembling the cytoplasmic vacuolization and disruption of tight junctions seen in a scald injury of a WT strain at the same time point (Figs. 2A and  4D) . Similarly, in these protease-deficient mice, the topical application of the missing protease function postscald resulted in increased vasodilation and edema in both dermis and hypodermis indicated by lighter staining of dermal collagen and increased hypodermal thickness (Fig. 7B) , again resembling the response of the WT strain (Fig. 2D) . There was increased neutrophil margination and influx into the hypodermis with chymase treatment of the mMCP-4 2/2 mice and with rmMCP-5 2/2 treatment of the mMCP-5 2/2 mice (Fig. 7C) , which is compatible with their presence at this time point in scalded WT mice (Fig. 2C) . At d 12 postburn, none of the remodeling changes that occur in WT mice were observed in the protected mMCP-4-or mMCP-5-deficient mice, which had a normal epidermal layer and normal dermis with intact hair follicles and sebaceous glands (Fig. 8) . In contrast, the scald site in mMCP-4-deficient mice treated with chymase and in the mMCP-5-deficient mice treated with rmMCP-5 showed the thickened epithelium, formation of granulation tissue (light-pink staining, yellow arrow) in the dermis, and loss of hair follicles comparable with that of the scalded WT mice (Fig. 3C) We also evaluated the timing needed for topical application of rmMCP-5 to restore clinical burn injury in mMCP-5-deficient mice at day 3. We applied 400 ng of the recombinant enzyme for 1 h immediately after injury or after a delay of 1, 3, 6, or 24 h. Each of nine mMCP-5-deficient mice receiving rmMCP-5 immediately postburn or with a delay of 1 h exhibited erythema and ulceration comparable with that of the WT mice treated in parallel. However, when the topical application of rmMCP-5 was delayed to 3 h or more, 13 of 14 mMCP-5 2/2 mice exhibited protection from clinical injury. We also noted that 10 mg of topically applied elastase failed to reconstitute the clinical burn in the mMCP-4-deficient strain (data not shown).
Discussion
The findings that two secretory granule serine proteases of cutaneous and connective tissue MCs, mMCP-4, a chymase, and mMCP-5, an elastase, are required for a scald injury to progress to a second-degree burn in the mice manifested by ulceration and subsequent scaring without hair regrowth extends the role of these proteases previously recognized as critical to IR injury in hind limb muscle (7) . Both models also require natural IgM and activation of the complement pathway, implicating an innate autologous pathway to injury (3) (4) (5) (6) . The progressive histologic changes at the site of the scald burn in WT mice include disruption of the epidermal basal layer, degranulation of MCs and edema of the dermis and hypodermis at 2 h, denuding of the epidermis with wound erosion and destruction of the hair follicles by day 3, and remodeling with failure to regrow hair by 9-13 d. The scald burn injury to the epidermis is evident as early as 2 h postburn by some vacuolization and disruption of the tight junctions between the epidermal cells at the scald site even in the protease-deficient strains, which failed to show progression of the injury to ulceration and remodeling. This suggested that there could be an early permeability change in the epidermis that might allow a topical approach to restore the protease-dependent component of the full response to burn injury in the protected mMCP-4-and mMCP-5-deficient strains. Indeed, the topical application immediately postscald of rmMCP-5 or human neutrophil elastase to the mMCP-5-deficient mouse or of human MC chymase to the mMCP-4-deficient mouse increased the epidermal disruption and fully restored the downstream aspects of the burn injury. The resultant edema of dermis and hypodermis and influx of neutrophils at 2 h postburn, ulceration with collagen denaturation of the dermis and necrosis of the hair follicles at 3 d, and scar formation without hair regrowth at 9-13 d resembled the burn injury of WT mice. The requirement for the specificity of both proteases for scald burn progression is supported by the failure of chymase to restore clinical and histologic progression of injury in the mMCP-5-deficient strain and the failure of elastase to reconstitute the clinical injury in the mMCP-4-deficient strain. The aggregate data suggest that MC activation with nonredundant protease-dependent epidermal injury initiates or is an essential component of the processes leading to ulceration and remodeling of the burn site. The availability of mouse strains deficient in different secretory granule proteases was critical to our study for two major reasons. First, these strains have none of the hematologic and cellular defects due to the mutation of Kit in the WWv strain. For the burn model, this difference could be important because neutrophil infiltration does occur early in the dermis and hypodermis of the burn site in WT mice, and the WWv stain is neutropenic and has impaired neutrophil mobilization to tissues (40, 41) . Second, the range of mice with targeted deletion of MC-specific proteases and normal MC numbers allowed identification of the particular secretory granule proteases participating in the scald burn injury model.
Skin and connective tissue MCs of most mouse strains express the tryptases mMCP-6 and mMCP-7, the chymase mMCP-4, the elastase mMCP-5, and the exopeptidase CPA3, whereas the T celldependent intraepithelial MCs characterized in the jejunal mucosa during the height of a helminth infection preferentially express the chymases mMCP-1 and mMCP-2, but no elastase, neither of the tryptases nor CPA3. Only the mice lacking the cutaneous MC chymase mMCP-4 or the elastase mMCP-5 were significantly protected against the scald injury at the clinical and morphologic levels. Because an earlier report demonstrated that the mutation of granzyme B within the chymase locus on chromosome 14 disrupted the expression of other genes in the locus (42), we evaluated the injury in mice with a mutant mMCP-1 gene, which is present in the same locus as the mMCP-4 and mMCP-5 genes (19) . The lack of protection against scald burn in the mMCP-1-deficient mice indicates that only the respective mutations of mMCP-4 and mMCP-5 in the locus are each important.
mMCP-4 and mMCP-5 are highly homologous serine proteases that are encoded by different genes on mouse chromosome 14C1 that give them distinct substrate specificities. The mouse and rat chymases, mMCP-4 and rMCP-4, represent homologues of human MC chymase-1 on the basis of sequence homology and similarities in substrate specificity, including their ability to generate the angiotensin II fragment from angiotensin I (33, (43) (44) (45) . The mouse and rat MC proteases, mMCP-5 and rMCP-5, each have a distinct elastase substrate specificity due to a change of glycine to valine at position 216 (20, 21, 46) . Surprisingly, the MC-specific exopeptidase CPA3 is coordinately expressed with mMCP-5, and the expression of each depends on the presence of the other through an as yet undefined posttranscriptional mechanism (28, 29, 38) . However, in the recently developed mutant with enzymatically inactive CPA3 protein, the expression of mMCP-5 is intact (28) , and the normal level of burn injury in these mice indicates that the absence of CPA3 in the mMCP-5 2/2 mice does not account for their protection against the scald burn. We have also observed that mMCP-4 is poorly expressed in mMCP-5-deficient MCs as assessed by both measurement of enzymatic activity and immunoblots of serosal MC, and this secondary deficiency may contribute to the small size of the secretory granule by histochemical detection (7) . That topical rmMCP-5 or human elastase but not human chymase restored scald burn injury to the mMCP-5-deficient strain indicates that the level of mMCP-4 in this strain is sufficient to satisfy the nonredundant requirement for mMCP-4. We found that mMCP-4-deficient MCs were selectively deficient in only that protease as originally reported (32) and reconstituted full burn injury with the homologous human MC chymase. Taken together, these data indicate that these two proteases act nonredundantly in the pathway leading to the inflammation, ulceration, and tissue remodeling of our scald burn model. Even with histologic evidence of some scald-induced epidermal injury in the protected mMCP-4-and mMCP-5-deficient mice, it is likely that only a small fraction of the protease applied for 1 h postburn is absorbed into the tissue. Hence, it seems reasonable to suggest that this activity could be provided endogenously by the activation of MCs at the burn site in the first 2 h. That the absence of either mMCP-4 or mMCP-5 abrogates development of a seconddegree burn despite some scald-induced epidermal injury argues for their early action in facilitating a second-degree burn, and this is nicely supported by exogenous protease-specific reconstitution within the first hour postscald. The role of these proteases could be in amplifying exposure of the tissue epitope for natural IgM, augmenting the required activation and function of the complement pathway or mediating paracrine activation of the MCs (47, 48) . Furthermore, these proteases could have direct tissue effects such as activation of matrix metalloproteinases by either mMCP-4 (30) or mMCP-5 with concomitant inactivation of TIMP-1 (49) .
Because neutrophils were absent in the hind limb IR injury of the mouse that is also dependent on MCs (9) and their mMCP-5 (7) and mMCP-4 proteases (T. Shi and M. Gurish, unpublished observations), we believe that the critical elastase function in both models is mediated by mMCP-5 and that neutrophil-derived elastase encoded on mouse chromosome 10 (50) does not provide a redundant function either in time or location. Further, that the mutation that created the elastolytic function also is retained in the rat chymase locus favors a biologic purpose for nonredundant functions of the MC-specific proteases, mMCP-4 and mMCP-5. The recognition that natural IgM, complement, and two MC proteases can mediate injury as different as a second-degree scald burn of skin and IR necrosis of hind limb muscle suggests function of an innate triad in trauma-induced inflammatory processes. It may be that local permeability and cellular injury allow for the lectin pathway to activate complement with consequent MC degranulation (4, 51, 52), which targets a profound downstream process leading to termination of the ulcer with scarring but not contracture.
